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Background: Rhodamine B (RhB) is widely used as a colorant in textiles and food stuffs, and is also a well-known
water tracer fluorescent. It is harmful to human beings and animals, and causes irritation of the skin, eyes and
respiratory tract. The carcinogenicity, reproductive and developmental toxicity, neurotoxicity and chronic toxicity
toward humans and animals have been experimentally proven. RhB cannot be effectively removed by biological
treatment due to the slow kinetics. Therefore, RhB is chosen as a model pollutant for liquid phase plasma (LPP)
treatment in the present investigation.
Results: This paper presents experimental results for the bleaching of RhB from aqueous solutions in the presence
of TiO2 photocatalyst with LPP system. Properties of generated plasma were investigated by optical emission
spectroscopy methods. The results of electrical-discharge degradation of RhB showed that the decomposition rate
increased with the applied voltage, pulse width, and frequency. The oxygen gas addition to reactant solution
increases the degradation rate by active oxygen species. The RhB decomposition rate was shown to increase with
the TiO2 particle dosage.
Conclusion: This work presents the conclusions on the photocatalytic oxidation of RhB, as a function of plasma
conditions, oxygen gas bubbling as well as TiO2 particle dosage. We knew that using the liquid phase plasma
system with TiO2 photocatalyst at high speed we could remove the organic matter in the water.
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Due to dyeing of fabric, wastewater from many textile
industries contains color and as such cannot be disposed
into the environment. Traditional methods for dye re-
moval include biological treatment [1], coagulation [2],
filtration [3] and adsorption [4]; however, because of
high dye concentrations and the increased stability of
synthetic dyes, these methods are becoming less effective
for the treatment of colored industry effluents [5,6]. To
overcome the problems associated with these traditional
methods of dye removal, attention has been focused on
advanced oxidation processes (AOPs). AOPs have been
developed to degrade biorefractory organics in drinking
water and industry effluents [7,8]. AOPs employ a high
oxidation-potential source to produce the primary oxi-
dant species, hydroxyl radicals, which react rapidly and* Correspondence: jsc@sunchon.ac.kr
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reproduction in any medium, provided the orunselectively with most organic compounds [9]. Re-
cently, glow discharge in liquid phase has been used to
degrade organic pollutants in water [10,11], because not
only hydroxyl radicals but also atomic oxygen having a
high oxidation potential can be produced in this way.
Another application of TiO2 photocatalyst in AOPs
water treatment has been investigated widely [12,13].
There are still many problems yet to be solved, however,
in application of TiO2 photocatalyst in the treatment of
non-biodegradable materials. First, photocatalysis has
usually been used in air pollutants treatment because it
is suitable for treatment of low-concentration pollutants.
Concentrations of water pollutants, however, are much
higher than those of air pollutants. Thus, their treatment
by photocatalysis is difficult compared to that of air pol-
lutants. Second, polluted water has high turbidity, hence
low transparency, hindering activation of photocatalysts
by ultraviolet (UV) rays. Third, the amount of oxygen
available for photocatalytic oxidation is very low in water
compared to in air. Due to these reasons, photocatalytictd. This is an Open Access article distributed under the terms of the Creative
commons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited.
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tention thus far.
RhB is widely used as a colorant in textiles and food
stuffs, and is also a well-known water tracer fluorescent
[14]. It is harmful to human beings and animals, and causes
irritation of the skin, eyes and respiratory tract. The car-
cinogenicity, reproductive and developmental toxicity,
neurotoxicity and chronic toxicity toward humans and ani-
mals have been experimentally proven [15,16]. RhB cannot
be effectively removed by biological treatment due to the
slow kinetics. Therefore, RhB is chosen as a model pollu-
tant for liquid phase plasma (LPP) treatment in the present
investigation. This paper presents experimental results for
the bleaching of RhB from aqueous solutions in the pres-
ence of plasma generated by a bipolar pulsed discharge sys-
tem added TiO2 photocatalyst. Properties of generated
plasma were investigated by electrical and optical emission
spectroscopy methods. The effects of plasma conditions,
addition of oxygen bubbles, and TiO2 nanoparticle dosage
were investigated.
Materials and methods
In this study, the decomposition activity was investigated
with the RhB (C28H31ClN2O3) in its aqueous solution. High
purity grade RhB was purchased from Daejung Chemical &
metals Co.. RhB aqueous solution 300 ml with the concen-
tration of 1.3 × 10-2 mM was prepared. RhB concentration
was determined from the absorbance measured by a spec-
trophotometer (UV-1601, Shimadzu) at 550-nm wavelength.
The photocatalyst was Degussa P-25 TiO2 (powder, specific
surface area 53 m2 g−1 by the Brunauer-Emmett-Teller
method, particle size 20–30 nm by Transmission electron
microscopy, composition 83% anatase and 17% rutile by X-
ray diffraction).Figure 1 Schematic of the liquid phase plasma treatment system withA schematic diagram of the experimental device used
in this work is shown in Figure 1. The pulsed electric
discharge was generated by a needle-to-needle electrode
system in a annular tube type reactor (outer diameter of
40 mm and height of 80 mm). Tungsten electrodes (ϕ2
mm, 99.95% purity, T.T.M Korea Co.) with a ceramic in-
sulator coating were used with an interelectrode gap of
0.3 mm. In the case of the system with oxygen bubbling,
a glass gas nozzle placed 10 mm below the discharge
zone was used. Mass-flow controllers modulated the
oxygen gas flow rates set at 100–500 cc/min. The react-
ant solutions were thermally equilibrated in a cold water
bath at 298 K and then circulated into the reactor using
a roller pump. In this study, a high-frequency bipolar
pulse power supply (Nano technology lnc., NTI-500 W)
was utilized to generate pulsed electrical plasma dis-
charge directly in liquid phase. The reason to employ a
bipolar pulse system comes from the expectation of
symmetrical plasma generation and immediate cleaning
of the tip of both electrodes from any possible products
adjacent to either cathode or anode, and hence mainten-
ance of stable operation conditions. The ranges of ap-
plied voltage, pulse width, and frequency were 230 ~
250 V, 3 ~ 5 μs, and 25 ~ 30 kHz, respectively.
Results and discussion
Optical emission spectroscopy
Similar to gas, liquid has irregular arrangement of mole-
cules. On the other hand, liquid has as many molecules in a
unit volume as solid although the molecules are not fixed.
It is expected that many kinds of chemically active species
would be generated in LPP by the electrical discharge sys-
tem. Therefore, it is necessary to identify the chemical spe-
cies produced by the discharge and to investigate the effectsannular tube type reactor.
Figure 2 Spatially and temporally integrated emission spectra
for the pulsed electric discharge; (A) with oxygen bubbling and
(B) without oxygen bubbling.
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Figure 4 Decomposition of RhB with different pulse width.
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performed during the electrical discharges for the tungsten
electrodes using an AvaSpec-3648 Fiber optical spectrom-
eter (Avantes). The emission was detected with an optical
fiber coming out perpendicularly to the axis of the elec-
trodes. The experimental conditions were kept constant
during the spectra acquisition (discharge voltage 250 V, fre-
quency 30 kHz, and pulse width 5 μs). The optical emission
spectra acquired during the discharge with (A) and without
(B) oxygen bubbling are shown in Figure 2. The excited
states of atomic hydrogen (Hα at 656.3 nm and Hβ at
486.1 nm) and atomic oxygen (3p5P→ 3s5S0 at 777 nm and
3p3P→ 3s3S0 at 844 nm) as well as the molecular bands of
the hydroxyl radical OH (at 283 and 309 nm) were detected
in the emission spectra. LPP provides extremely rapid reac-
tions caused by activated chemical species and radicals
under high pressure [17]. The hydrogen radicals produced
in LPP can be applied to synthesis of metal particles by the
liquid-phase chemical reduction methods [18], whereas the
atomic oxygen and hydroxyl radicals can be used forDischarge time (min)














Figure 3 Decomposition of RhB with different impressed
voltage levels.oxidation of organic compounds as in this study. Detection
of the hydroxyl radical at 283 nm was acquired only when
oxygen gas was bubbled (A). Therefore, it is expected that
oxygen gas bubbling would enhance the decomposition of
organic compounds in LPP.Effect of impressed voltage
The effects of impressed voltage on the generation of
LPP and the decomposition of RhB were investigated.
The voltage level was increased stepwise by 10 V from
a sufficiently low level using a high-frequency bipolar
pulse power supply. The LPP was generated due to
breakdown occurring at the impressed voltage of 230 V
or higher when the pulse width was 5 μs and the fre-
quency was 30 kHz. At or below 220 V only bubbles
were produced without the occurrence of breakdown.
At a higher impressed voltage level (≥ 230 V), plasma
was generated together with breakdown, while the glare
of plasma was more intense with a higher impressed
voltage level. Figure 3 compares the results of theDischarge time ( min )














Figure 5 Decomposition of RhB obtained with
different frequencies.
Discharge time ( min )
















Figure 6 Decomposition of RhB with different oxygen gas
bubbling rate.
TiO2 particle dosage [ mM ]













Figure 7 Effect of TiO2 particle dosage on the decomposition
of RhB with LPP method.
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performed with different impressed voltage levels. The de-
composition rate of RhB was shown to increase with the
impressed voltage level. This result indicates that a higher
impressed voltage causes the more intense plasma produ-
cing the more hydroxyl radicals and leads to a higher de-
composition efficiency of RhB.
Effect of pulse width
Generally, when direct current is used in liquid phase, melt-
ing of the electrodes happens due to collisions of ions on
the electrodes and heat transfer from surrounding hot gas,
causing electrode loss and water pollution problems. In this
study, a high-frequency bipolar pulse power supply was used
to control the pulse width of the impressed voltage at a μs
level. With this short pulse voltage, acceleration of heavy
ions, resulting heating of electrodes and solution, and the
electrode loss were effectively inhibited. The effect of the
pulse width level on the decomposition rate of RhB in the li-
quid phase plasma process was examined. Figure 4 com-
pares the concentration decays obtained with different pulse
width levels used in the liquid phase plasma treatment. The
impressed voltage and the frequency were 250 V and
30 kHz, respectively. The decomposition rate of RhB was
shown to be higher at a larger pulse width. A larger pulse
width of the impressed voltage generally leads to a larger
plasma generation time per unit time. Therefore, it isTable 1 Detected hydroxyl radicals in the emission
spectra obtained at different O2 gas flow rate
O2
gas flow rate [ cc/min ]
OES counts [ a.u. ]




500 2737 11716believed that a larger pulse width led to production of hy-
droxyl radicals for a longer time, resulting in a higher de-
composition efficiency of RhB in this study.
Effect of frequency
The preliminary experiments for plasma generation
showed that electric discharge did not occur when the
pulse width and the frequency of the impressed voltage
were small because the joule heat was not enough to
provoke vaporization of the solution. As the pulse width
and the frequency of the impressed voltage were in-
creased, however, the size of the bubbles produced be-
tween the electrodes by joule heating increased leading
to outbreak of the electric discharge. The effect of the
frequency on the decomposition rate of RhB in the LPP
process is shown in Figure 5. The impressed voltage and
the pulse width were 250 V and 5 μs, respectively. A
higher frequency led to a higher decomposition rate of
RhB, which is attributed to a production of a larger
amount of hydroxyl radicals at a higher frequency.
Effect of oxygen gas bubbling
Water treatment is an advanced technology that oxidizes
organic and toxic compounds by producing strong oxi-
dants, OH radicals, as intermediate products. As various
new kinds of water pollution sources appear, however,
non-biodegradable materials that would not be degraded
easily even have recently been reported. In particular,
water treatment using TiO2 photocatalysts has a disadvan-
tage of using small amount of oxygen dissolved in water.
In this study, the effect of provision of additional oxygen
gas was investigated. Figure 6 compares the RhB decom-
position results obtained with different levels of oxygen
gas bubbling. The RhB decomposition rate increased with
the oxygen gas bubbling rate. Producing electrical dis-
charges in water in the presence of externally introduced
gas bubbles improves the energy balance with more energy
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duced from this result that oxygen added in LPP treatments
can help increase the degradation rate by playing a role as
auxiliary oxidants.
Table 1 shows the OES counts for hydroxyl radicals
obtained with different O2 gas flow rates, measured by the
optical spectrometer. The OES count increased with in-
creasing oxygen gas flow rate. In particular, the OES count
at 283 nm obtained with 500 cc/min oxygen flow rate was
about three times that obtained with no oxygen gas. Hy-
droxyl radicals are known to have strong oxidizing power,
which is believed to have contributed to the enhanced de-
composition of RhB, as was shown in Figure 6.
Effect of TiO2 particle dosages
Figure 7 compares the decomposition reaction rate con-
stants obtained with different amounts of TiO2 particle
dosage. The RhB decomposition rate was shown to increase
with the TiO2 particle dosage until the dosage exceed a
threshold value (about 20 mM). The TiO2 photocatalyst is
activated by ultraviolet (UV) to produce oxidizing agents
such as OH radicals. The result shown in Figure 7 indicates
that in this study the TiO2 particles were activated by UV
emitted from the plasma to promote the decomposition re-
action of RhB.
Conclusions
The following conclusions were inferred from the results
of decomposition of RhB via TiO2 photocatalyst and
LPP system:
(1)The excited states of atomic hydrogen and atomic
oxygen as well as the molecular bands of the
hydroxyl radical were detected in the emission
spectra and the hydroxyl radical at 283 nm was
acquired only when oxygen gas was bubbled.
(2)The results of LPP degradation of RhB showed that
the decomposition rate increased with the applied
voltage, pulse width, and frequency.
(3)The oxygen gas addition to reactant solution
increases the degradation rate by active oxygen
species, which is generated from adding oxygen gas.
(4)The RhB decomposition rate was shown to increase
with the TiO2 particle dosage.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
LH and PSH carried out the main part of experiment and drafted the
manuscript. PYK measured and analyzed the optical emission spectra. KBH
measured the UV absorbance and calculated the degradation rate constant.
KSJ provided assistance with the data analysis and investigated the
relationship between variables and results. JSC coordinated the experimental
design and contributed the manuscript writing. All the authors read and
approved the final manuscript.Acknowledgments
This research was supported by Basic Science Research Program through the
National Research Foundation of Korea (NRF) funded by the Ministry of
Education (2013R1A1A2A10004797).
Author details
1Department of Environmental Engineering, Sunchon National University,
Sunchon, Jeonnam 540-742, Korea. 2School of Environmental Engineering,
University of Seoul, Seoul 130-743, Korea. 3Department of Dental Materials,
School of Dentistry, Chosun University, Gwangju 501-759, Korea. 4Faculty of
Nanotechnology and Advanced Materials Engineering, Sejong University,
Seoul 143-747, Korea.
Received: 8 June 2013 Accepted: 30 August 2013
Published: 16 September 2013
References
1. An H, Qian Y, Gu X, Tang WZ: Biological Treatment of Dye Wastewaters
Using an Anaerobic-Oxic System. Chemosphere 1996, 33:2533.
2. Chu W: Dye removal from textile dye wastewater using recycled alum
sludge. Water Res 2001, 35:3147.
3. Akbari A, Remigy JC, Aptel P: Treatment of textile dye effluent using a
polyamide-based nanofiltration membrane. Chem Eng Processing 2002, 41:601.
4. Malik PK: Dye removal from wastewater using activated carbon
developed from sawdust: adsorption equilibrium and kinetics. J Hazard
Mater 2004, 113:81.
5. Wang X, Wang J, Guo P, Guo W, Wang C: Degradation of rhodamine B in
aqueous solution by using swirling jet-induced cavitation combined
with H2O2. J Hazard Mater 2009, 169:486.
6. Behnajady MA, Modirshahla N, Tabrizi SB, Molanee S: Ultrasonic
degradation of Rhodamine B in aqueous solution: Influence of
operational parameters. J Hazard Mater 2008, 152:381.
7. Saritha P, Aparna C, Himabindu V, Anjaneyulu Y: Comparison of various
advanced oxidation processes for the degradation of 4-chloro-2
nitrophenol. J Hazard Mater 2007, 149:609.
8. Jung SC: The microwave-assisted photo-catalytic degradation of organic
dyes. Wat Sci Tech 2011, 63:1491.
9. Kim SJ, Kim SC, Seo SG, Lee DJ, Lee H, Park SH, Jung SC: Photocatalyzed
destruction of organic dyes using microwave/UV/O3/H2O2/TiO2 oxidation
system. Catalysis Today 2011, 164:384.
10. Wang L, Jiang X, Liu Y: Degradation of bisphenol A and formation of
hydrogen peroxide induced by glow discharge plasma in aqueous
solutions. J Hazard Mater 2008, 154:1106.
11. Burlica R, Kirkpatrick MJ, Finney WC, Clark RJ, Locke BR: Organic dye removal
from aqueous solution by glidarc discharges. J Electrostatics 2004, 62:309.
12. Baiocchi C, Brussino MC, Pramauro E, Prevot AB, Palmisano L, Marci G:
Characterization of methyl orange and its photocatalytic degradation
products by HPLC/UV–VIS diode array and atmospheric pressure ionization
quadrupole ion trap mass spectrometry. Int J Mass Spectrom 2002, 214:247.
13. Jung SC, Kim SJ, Imaishi N, Cho YI: Effect of TiO2 thin film thickness and
specific surface area by low-pressure metal–organic chemical vapor
deposition on photocatalytic activities. Appl Catal B: Environ 2005, 55:253.
14. Richardson SD, Wilson CS, Rusch KA: Use of Rhodamine water tracer in
the marshland upwelling system. Ground Water 2004, 42:678.
15. Kornbrust D, Barfknecht T: Testing Dyes in HPC/DR systems. Environmental
Mutagenesis 1985, 7:101.
16. McGregor DB, Brown AG, Howgate S, McBride D, Riach C, Caspary WJ,
Carver JH: Responses of the L5178Y mouse lymphoma cell forward
mutation assay. V: 27 coded chemicals. Environmental and Molecular
Mutagenesis 1991, 17:196.
17. Potocký Š, Saito N, Takai O: Needle electrode erosion in water plasma
discharge. Thin Solid Films 2009, 518:918.
18. Saito N, Hieda J, Takai O: Synthesis process of gold nanoparticles in
solution plasma. Thin Solid Films 2009, 518:912.
19. Gershman S, Mozgina O, Belkind A, Becker A, Kunhardt E: Pulsed Electrical
Discharge in Bubbled Water. Contrib Plasma Phys 2007, 47:19.
doi:10.1186/1752-153X-7-156
Cite this article as: Lee et al.: Rapid destruction of the rhodamine B
using TiO2 photocatalyst in the liquid phase plasma. Chemistry Central
Journal 2013 7:156.
